Ground-level UV-B will stay at a high level in the next several decades and influence sweet potato growth and yield because of the remaining chlorofluorocarbons in the atmosphere. The study explored three UV-B (none, ambient, and elevated/projected) levels on three contrasting sweet potato cultivars (Beauregard, Hatteras, and Louisiana 1188) using sunlit plant growth chambers at Mississippi State University. The results showed that UV-B influenced three cultivars differently. Growth, photosynthetic rate, epidermal and leaf structure of Beauregard were negatively influenced under ambient and elevated UV-B. On the contrary, Hatteras was positively influenced, and Louisiana 1188 was influenced by elevated UV-B positively on leaf thickness and waxes content, but negatively on the vine length, dry mass, and leaf area. In summary, Beauregard, Louisiana 1188, and Hatteras were UV-B sensitive, moderately sensitive, and tolerant, respectively. Developing UV-B tolerant cultivars will benefit under both current and projected UV-B exposures. Abbreviations: ADM -aboveground dry mass; BG -Beauregard; CA -calcium diacetate films; CFCs -chlorofluorocarbons; CRIcombined response index; DAP -days after transplanting; FAA -formaldehyde; Fv'/Fm' -photochemical efficiency of PSII in the light; gs -stomatal conductance; HT -Hatteras; LA -leaf area; LA1188 -Louisiana 1188; LDM -leaf dry mass; PN -net photosynthetic rate; PVC -polyvinyl chloride; SDM -stem dry mass; SEM -scanning electron microscope; SPAR -soil-plant-atmosphere research; SRDM -storage root dry mass; SRFM -storage root fresh mass; SRN -storage root number; TDM -total dry mass; E -transpiration rate; USI -UV-B sensitivity index; UV -ultraviolet; VL -longest vine length; VNN -longest vine node number; WUE -water-use efficiency; Ф PSII -effective quantum yield of PSII photochemistry.
Introduction
The solar UV-B radiation at ground level is mainly influenced by ozone in the stratosphere because it is where most ozone resides in and absorbs approximately all the UV-C (200-280 nm), most of UV-B (280-315 nm), and a small amount of UV-A (320-400 nm) radiation. It was estimated that the peak value of UV-B might triple in the U.S. in the next fifty years without the Montreal Protocol (McKenzie et al. 2011) . However, despite the success of Montreal Protocol, the global averaged ozone concentration will not return to the 1980's level until the mid-century because of the remaining chlorofluorocarbons (CFCs) in the atmosphere (Björn and McKenzie 2008, McKenzie et al. 2011) . Besides ozone, ground-level UV-B is also determined by solar angles, cloud cover, aerosols/ pollution, and surface albedo, which change with location and time (Hideg et al. 2013) .
Plants are significantly influenced by UV-B radiation (Wargent and Jordan 2013) . On the molecular level, UV-B radiation has damaging effects on the DNA, proteins, and membranes of plants because they are UV-sensitive targets (Jansen et al. 1998 , Björn and McKenzie 2008 , Prado et al. 2012 . Approximately 20% of crops are sensitive to UV-B radiation regarding dry mass reduction (Teramura 1983) . Previous studies had already covered soybean (Koti et al. 2007) , cotton , and maize (Singh et al. 2014 , Wijewardana et al. 2016 . For example, it was found that 10 kJ m -2 d -1 UV-B (the projected UV-B level) had multiple negative effects on maize (Zea mays L.) including reduced plant height (by 36%), leaf area (by 22%), and photosynthetic rate (by 5-15%) compared to 0 kJ m -2 d -1 treatment (Singh et al. 2014) . Similarly, soybean [Glycine max (L.) Merr.] showed reduction in plant height (by 7%), leaf area (by 15%), and photosynthetic rate (by 26%) with the same UV-B treatments (Koti et al. 2007) . Additionally, UV-B increased chemical composition of UV-absorbing compounds and pigments in maize leaves by 51% at 10 kJ m -2 d -1 UV-B (24/16°C) (Singh et al. 2014) .
Sweet potato [Ipomoea batatas (L.) Lam.] has strong adaptability to various environment conditions (Martin 1988 ). More than 400 varieties of sweet potato are grown globally (http://www.sweetpotatoes.com/About/ VarietiesandBotanicalInformation.aspx). In the U.S., sweet potato is mainly cultivated in high-temperature environments such as southern states and California (USDA 2002) . Beauregard (BG), one of the most popular and well-studied sweet potato cultivars in Mississippi, released by Louisiana Agriculture Experiment Station in 1987, has a high-yield potential and strong resistance to soil rot and pox but weak resistance to root-knot nematode (Wehner et al. 2013) . Hatteras (HT) was released by North Carolina State University near 2011 and commonly grown in North Carolina. Louisiana 1188 (LA1188) is an experimental genotype that was supposed to replace the BG. The objective of this study was to understand the sweet potato cultivar variability in the response to the effects of UV-B radiation.
The growth of sweet potato, especially the root initiation and development, in response to environmental factors induce significant alternation in yield and economic consequence (Godfray et al. 2010) . Previous studies showed that, in general, soil moisture, soil and air temperature, nitrogen fertilizers are such environmental factors (Meyers 2014) . More specifically, the early-season soil moisture, temperature, and nitrogen fertilizer determine root initiation; and the mid-and late-season ones determine biomass and yield (Villagarcia et al. 1998 , Ukom et al. 2009 , Gajanayake et al. 2013 Gajanayake and Reddy 2016) .
However, the UV-B effects on various sweet potato cultivars have not been studied thoroughly. The daily ambient UV-B radiation observed by the USDA UV-B Monitoring and Research Program was in the range between 0.02-8.75 KJ m -2 d -1 (e.g., Singh et al. 2014) across the U.S. North Carolina, Mississippi, California, and Louisiana account for 78% of the U.S. sweet potato production, where the peak UV-B levels were in the range between 4-8 kJ m -2 d -1 in the growing season of 2015 ( Fig. 1) . Therefore, 5 and 10 KJ m -2 d -1 represent an almost near the ambient dose and potential higher dose in Mississippi in the future. This experiment with the computer-controlled environment was designed and conducted to understand the UV-B effects on three contrasting sweet potato cultivars. We hypothesize that ambient and projected UV-B radiation of 5 and 10 kJ m -2 d -1 have significant impacts on the sweet potato growth and yield; and sweet potato cultivars BG, HT, and LA1188 vary in their responses to the ambient and projected UV-B radiation. The photosynthetic rate, the stomatal conductance, the longest vine length, the leaf area, the total dry mass, and other physiological parameters were measured, and a combined response index (CRI) was calculated from these parameters. Finally, the three types of sweet potato cultivars were classified based on their sensitivity to UV-B radiation.
Materials and methods

Experimental conditions and sweet potato cultivars:
The study was conducted in three soil-plant-atmosphere research (SPAR) units located at the Rodney Foil Plant Science Research Center, Mississippi State, Mississippi, USA. Each SPAR unit was composed of a steel soil bin, a plexiglass chamber opaque solar UV-B radiation, heating and cooling system, and a monitoring and control system (Reddy et al. 2001) . During the experiment, the weather conditions were set at 30/22°C, 400 µmol(CO2) mol -1 , and 50% relative humidity that is optimum temperature for sweet potato. Field-grown BG, HT, and LA1188 step tip cuttings (slips), each containing four nodes, were transplanted into white polyvinyl chloride (PVC) pots (20 cm diameter by 30 cm high) on 15 July 2016. PVC pots were filled with a layer of 600 g of coarse gravel with a 3:1 (v/v) mixture of sand and topsoil. Slips were transplanted with two nodes above the soil surface and two nodes below the soil surface. Nodes above the soil surface contained recently fully expanded leaves. Petioles on the lower two nodes were trimmed to 1 cm in length (Abukari et al. 2015) . Water and nutrients were provided three times a day using a standard Hoagland's nutrient solution (Hewitt 1952) . The amount of irrigation in each unit was based on the evapotranspiration measured on the previous day (Reddy et al. 2001) . During the experiment, in order to simulate the natural shading effect caused by the surrounding edges of sweet potato canopy, black shade cloths were placed and adjusted twice weekly in each SPAR chamber. By using a pyranometer (Model 4-8, Eppley Laboratory Inc., Newport, RI, USA), throughout this experiment, the incoming daily solar radiation (285-2,800 nm) outside of the sunlit growth chamber were measured, and the range was from 11.25 to 28.58 MJ m -2 d -1 with an average of 21.45 MJ m -2 d -1 .
Treatments: A three by three factorial with three levels of UV-B (0, 5, and 10 kJ m -2 d -1 ) and three cultivars (BG, HT, and LA1188) were imposed at planting and continued until the final harvest 80 d after planting. Three UV-B treatments in each SPAR unit simulated the control group, ambient UV-B, and projected near-future UV-B, respectively (Singh et al. 2014) . Within each SPAR unit, each cultivar was replicated six times. The 18 PVC pots in each unit were randomly arranged in two rows with 26.6 cm between rows and 25 cm between pots within each row. A square-wave supplementation system composed of eight fluorescent lamps (UV-313 lamps, Q-Panel Company, Cleveland, OH, USA) 0.5 m above the canopy provided the proposed UV-B levels (under near ambient PAR) in each treatment from 8:00 to 16:00 h each day . Calcium diacetate films (CA) were wrapped around each lamp to filter UV-C radiation and changed every 10 to 15 d to account for degradation of the CA properties to treatment UV-B levels. Daily UV-B radiation in the ambient and projected UV-B treatments was monitored at the top surface of sweet potato canopy using a UV digital radiometer and the intensity was adjusted using dimmable ballasts as needed. The UV-B energy delivered at the top of the plant canopy was checked daily with a UVX digital radiometer (UVP Inc., San Gabriel, California, USA) and calibrated against an Optronic Laboratory (Orlando, Florida, USA) Model 754 spectroradiometer, which was used to initially quantify lamp output. The rack height and lamp power were adjusted as needed at 08:00 h to maintain the respective UV-B radiation levels. The distance from lamps to the top of plants was always maintained at 0.5 m throughout the experiment. In the control units, unilluminated bulbs with frame were placed.
Photosynthesis and chlorophyll (Chl) fluorescence:
At 34, 48, and 75 d after transplanting (DAP), photosynthetic rate (PN) and fluorescence in light were measured on the fourth or fifth most recently fully expanded leaf of each plant between 10:00 and 14:00 h on sunny days using an LI-COR 6400 portable photosynthesis system integrated with a fluorescence chamber head (LI-COR 6400-40 leaf chamber fluorometer, Li-COR Inc., Lincoln, NE, USA). While measuring photosynthesis (PN), the instrument was set at PAR of 1,500 µmol(photon) m -2 s -1 that is based on the average PAR measured inside the greenhouse, and temperature in the leaf cuvette to daytime temperature as 30°C, 400 µmol(CO2) mol -1 , and 50% relative humidity. The flow rate through the chamber was adjusted to 350 mol s -1 . PN and the fluorescence (Fv'/Fm') were recorded as the total coefficient of variation (CV [%]) reached a value less than 0.5. The instrument itself calculates stomatal conductance (gs), transpiration (E), and electron transport rate (ETR) by considering incoming and outgoing flow rates and leaf area. Intrinsic water-use efficiency (WUE) and the ratio of internal (Ci) to external (Ca) CO2 concentration were estimated as the ratio of PN/E and Ci/Ca. Fv'/Fm' was calculated and determined as (Fm' -Fs)/Fm' by the software in the instrument (Gajanayake et al. 2014 , Wijewardana et al. 2016 .
Leaf anatomical measurements: This methodology was described by Kakani et al. (2003) . Three fully mature leaves were randomly selected from three individuals per cultivar per treatment, and segments of 2 cm by 0.5 cm were cut 5 cm from the base of the leaf blade and 2 cm from the main midrib. Leaf segments were stored in 2.5% glutaraldehyde in 0.1 M phosphate buffer for scanning electron microscope (SEM) analysis for surface wax structures. Then, another three leaf segments, collected from the same leaves in the same way, were fixed in formaldehyde (FAA, acetic acid and alcohol at ratio by volume). After being infiltrated in Spurr's epoxy resin, sections of 10-μm thickness were sectioned and stained, then digital micrographs were taken with a microscope equipped with a Canon EOS Rebel T3i/600D 18.0-megapixel camera (MartinMicroscope Co., Easley, SC, USA). Leaf thickness was measured on the image of sections in ratio.
Growth and developmental measurements:
Longest vine length (VL), longest vine node number (VNN), leaf area (LA), storage root number (SRN), and storage root fresh mass (SRFM) were measured or counted on all plants at the final harvest, 80 DAP. LA was measured with the LI-3100 leaf area meter (Li-COR Inc., Lincoln, NE, USA) on all plants at the final harvest. Dry mass of plant components [leaf dry mass (LDM), stem dry mass (SDM) and storage root dry mass (SRDM)] were weighed after drying the material in a forced air oven that maintained at 80°C for 72 h.
Statistical analysis:
Two-way analysis of variance (ANOVA) and LSD (α<0.05) were used to determine the differences between UV-B treatments and cultivars using R-Studio. A linear regression model was used to estimate the relationship between UV-B and CRI using EXCEL. Based on the index introduced by Dai et al. (1994a) and later modified by Koti et al. (2007) , CRI was calculated from the individual response indices calculated based on each parameter using the following formula: CRI = [(VLt -VLc)/VLc + (LAt -Lac)/Lac + (VNNt -VNNc)/ VNNc + (TDMt -TDMc)/TDMc + (SRDMt -SRDMc)/ SRDMc] × 100, where VL is the longest vine length, LA is the leaf area of the plant, VNN is the node number of the longest vine, TDM is the total dry mass, and SRDM is the storage root dry mass under t (treatment) and c (control). The slope of the regression line of CRI against UV-B was calculated as a UV-B sensitivity index (USI). The negative slope, less negative slope, and positive slope were defined as sensitive, moderately sensitive, and tolerant to UV-B, respectively. The method had also been used to classify the UV-B sensitivity of rice (Dai et al. 1994a,b) and soybean (Koti et al. 2007 ), though some modification had been added on their equations.
Results
Photosynthesis and Chl fluorescence: The daily ambient and projected UV-B level was monitored in the SPAR unit for 75 d (Fig. 2) . At 75 DAP, significant effects of UV-B and cultivar were observed on the PN on the fifth fully expanded leaves (Table 1) . Averaged over cultivar difference, UV-B significantly decreased PN under projected UV-B by 16.6% compared to the control group. Averaged over UV-B levels, the PN of BG [29.4 μmol(CO2) m -2 s -1 ] was significantly higher by 7.7% than that of LA1188 [27.1 μmol(CO2) m -2 s -1 ]. The maximum decline of PN of BG and HT occurred at projected UV-B, and of LA1188 at ambient UV-B treatment by 44, 10, and 15%, respectively (Table 1) . Compared to the control group, UV-B decreased gs with maximum decline for BG at ambient and projected UV-B by 37 and 78%, respectively (Table 1) . UV-B also significantly affected fluorescence parameters such as Fv'/Fm' (Table 1) .
Leaf structure: Significant effects of UV-B, cultivar, and UV-B × cultivar interaction were found on leaf thickness and the rest of internal component layers of leaf (palisade parenchyma, spongy parenchyma, upper and lower epidermis) ( Table 2) . UV-B significantly decreased total leaf thickness with maximum decline for BG at projected UV-B. However, UV-B also significantly increased total leaf thickness with maximum growth for HT and LA1188 under 5 and 10 kJ m -2 d -1 , respectively. Total leaf thickness of sweet potato grown in control group was 2,693 µm (BG); 1,797 µm (HT), and 1,485 µm (LA1188). Compared to the control group, ambient and projected UV-B treatments decreased total leaf thickness by 25 and 32% for BG, and increased by 26 and 4% for HT, and increased 45% and 54% for LA1188, respectively (Table 2) .
Epidermal ultrastructure observation: Images filmed by
SEM on adaxial surface demonstrated that over the cultivar difference, epidermal wax content reached the maximum density at the ambient UV-B and minimum density at the projected UV-B (Fig. 3) . It shows that all three cultivars had a significant change in leaf surface morphology. For all three cultivars, BG (Fig. 3A,D,G) , HT (Fig. 3B,E,H) , and LA1188 (Fig. 3C,F,I) , the wax tube intensity increased at the ambient UV-B, and the epidermal cell suffered critical damage at the projected UV-B treatment. Growth and yield: UV-B radiation showed a significant effect on VL with significant cultivar differences (Table 3) . UV-B significantly decreased VL with maximum decline for BG and LA1188 at the projected UV-B (10 kJ m -2 d -1 ). The VL of sweet potato grown under control group (0 kJ m -2 d -1 UV-B) was 463.67 cm for BG and 320.33 cm for LA1188. Compared to the control group, the ambient (5) and projected (10 kJ m -2 d -1 ) UV-B treatments decreased VL by 15 and 39% for BG and 1.4 and 18% for LA1188, respectively (Table 3) . Cultivar HT showed an opposite trend than that of the VL under the projected UV-B increases by 16% compared to control group. Similarly, LA was also significantly affected by UV-B radiation and cultivar difference (Table 3) . UV-B significantly decreased LA with a maximum decline for BG at the projected UV-B and LA1188 at ambient UV-B. LA of sweet potato cultivars grown in control group was 12,150 cm 2 for BG; 6,009 cm 2 for HT, and 5,003 cm 2 for LA1188. Compared to the control group, the ambient and projected UV-B treatments decreased LA by 52 and 60% for BG, and 42 and 24% for LA1188, respectively (Table 3) . Again, HT showed an opposite trend than that of the LA under the ambient and projected UV-B increased 10 and 9% compared to the control group, respectively. LDM was also significantly affected by UV-B (Table 3) . Averaged over cultivars, in control group was 36 g, which decreased by 26 and 31% under the ambient and projected treatments, respectively.
UV-B significantly affected TDM (Table 3) . Averaged over cultivars, the ambient and projected UV-B treatments significantly decreased TDM by 4 and 18%, respectively (Table 3 ). Compared to control group, cultivars BG and HT showed the greatest reduction by 62 and 30% under the projected UV-B, respectively. Cultivar LA1188 showed the greatest reduction by 20% under the ambient UV-B.
Storage root number was significantly affected by UV-B (Table 3) . Averaged over cultivars, the storage root number in control group was 7.4, which was significantly reduced with the maximum decline of 45 and 29% under the ambient and projected treatments, respectively.
CRI and USI:
The CRI, as an integration of the UV-B effect on sweet potato VL, LA, VNN, TDM, and SRDM, indicated the sensitivity of sweet potato cultivars to elevated UV-B radiation. The result showed that cultivar HT had a positive USI (6.14), and cultivar BG had a greater negative USI (-17.14) than cultivar LA1188 (-4.04) (Fig. 4) .
So the CRI classified the sweet potato cultivars BG, LA1188, and HT into sensitive, moderately sensitive, and tolerant of the ambient and projected UV-B.
Discussion
Our results suggest that ambient and projected UV-B affect differently three sweet potato cultivars. For cultivars BG and LA1188, VL, LA and TDM decreased with increasing UV-B. Similar reductions in plant height, leaf area, and total dry mass caused by UV-B have been reported on cotton (Gao et al. 2003 , maize (Tevini et al. 1991 , Wijewardana et al. 2016 , rice (Coronel et al. 1990 , Barnes et al. 1993 , Dai et al. 1994a , soybean (Reed et al. 1992 , Koti et al. 2007 , and pea (Gonzalez et al. 1996) . The reduction in VL and LA may be caused by the alternation in biosynthesis of some hormones and decrease in cell wall loosening due to the UV-B (Saile- Mark and Tevini 1997) . The concomitant reduction in TDM and PN suggest that the dry mass loss may be due to the limitation in net photosynthesis carbon gain. The experiment showed the ambient UV-B significantly reduced the storage root number the most, and the projected UV-B somehow stimulated the development of the storage root during the early age. However, cultivar HT, which was released in recent years, has some completely different characteristics and responses to UV-B that we have not studied thoroughly. For example, the VL, LA, and TDM of cultivar HT increased with increasing UV-B.
A similar response was found on brood bean and wheat that the dry mass of the plant increased with the rising UV-B (Al-Oudat et al. 1998) . This suggests that the UV-B effect is species/cultivar specific and sometimes it benefits the growth and development of plants (Hideg et al. 2013) . The photosynthetic rate of BG was negatively correlated with UV-B, but HT and LA1188 had the maximum values under the ambient and projected UV-B respectively, demonstrating their UV-resistance potentials. Prior study has shown that the UV-B reduced photosynthesis by damaging photosynthetic organs, such as photosystems and chloroplasts membrane, and by decreasing stomatal activity (Nogués et al. 1999) , which resulted in the loss of sweet potato biomass. On visual observation, the wax tubes were more abundant and denser under both the ambient UV-B and almost disappeared under the projected UV-B (Fig. 3) . Other studies have found similar results of increased wax tubes on pea and cotton leaves (Corlett et al. 1997 . The similar result is also supported by Fig. 3 , which shows epicuticular wax morphology on leaf surfaces of sweet potato exposed to the control group (Fig. 3A-C) , the ambient UV-B (Fig. 3D-F) , and the projected UV-B (Fig. 3G-I) . The visual observation showed that all the sweet potato leaf wax tube density increased when exposed to the ambient UV-B and decreased when exposed to the projected UV-B. The elevated UV-B stimulated leaf to produce more wax content and the negative effect observed under the projected UV-B may be due to the critical UV-B damage on the epidermal cell. Since the wax tube density significantly decreased between 5 and 10 kJ m -2 d -1 (Fig. 3) , UV-B sensitivity threshold for sweet potato leaves should be between these two UV-B exposure levels, similar to the UV-B effects on wax content observed in maize (Singh et al. 2014) . The epidermal ultrastructure also differed in the cultivars. Under the ambient UV-B, the cultivar HT ( Fig. 3B ,E,H) showed fewer wax tubes than that of BG ( Fig. 3A ,D,G) and LA1188 (Fig. 3C,F,I) , indicating that HT might adapt well to the ambient UV-B environment than the other two cultivars. Under the projected UV-B, the cultivar LA1188 showed the complete guard cells while the other two experienced serious damages, indicating that LA1188 has a better chance to survive under an elevated UV-B environment.
Based on the measurements, UV-B had a significantly negative and positive effect on the growth and yield of cultivar BG and HT, respectively, which fit the CRI results that BG and HT were UV-B sensitive and UV-B tolerant, respectively. On the other hand, cultivar LA1188 was moderately sensitive to UV-B, but it showed a better adaption to elevated UV-B than ambient UV-B environment by visual observation on the leaf structure.
Conclusions:
In the experiment, the responses of three contrasting sweet potato cultivars, BG, HT, and LA1188, to three levels of UV-B (0, 5, and 10 kJ m -2 d -1 ) radiation were evaluated in sunlit plant growth chambers. Plants were grown under these UV-B treatments for 80 d. Growth and developmental parameters were measured at the end of the experiment. Sweet potato cultivar variability made a difference in the response to UV-B. The ambient (5 kJ m -2 d -1 ) and projected UV-B (10 kJ m -2 d -1 ) of UV-B radiation inhibited most of the measured growth and physiological parameters of BG, but somehow assisited to the growth of HT. Based on CRI and USI, BG, the most commonly grown cultivar in Mississippi, was sensitive to elevated UV-B radiation, and LA1188 and HT were classified moderately sensitive and tolerant to UV-B radiation, respectively.
In summary, the current and projected UV-B will have implications for sweet potato growth and yield. Significant variability among the cultivars indicates developing UV-B tolerant cultivars will be more productive under current and future UV-B environments. Large-scale genomes to phenomes studies are needed to identify the lines and the genes that are associated with UV-B tolerance and incorporating those traits into region-specific more productive cultivars will benefit the sweet potato industry.
